Human leukemia cell line is an alternative to primary neutrophils in research studies. However, because HL-60 cells proliferate in an incompletely differentiated state, they must undergo differentiation before they acquire the functional properties of neutrophils. Here we provide evidence of swarming and chemotaxis in HL-60 neutrophil-like cells using precision microfluidic assays. We found that dimethyl sulfoxide (DMSO) differentiated HL-60 cells have larger size, increased length, and lower ability to squeeze through narrow channels compared to primary neutrophils. They migrate through tapered microfluidic channels slower than primary neutrophils, but faster than HL60s differentiated by other protocols, e.g. using all-trans retinoic acid. We found that differentiated HL-60 can swarm toward zymosan particle clusters, though they display disorganized migratory patterns and produce swarms of smaller size compared to primary neutrophils.
INTRODUCTION
Neutrophils are immune cells that constitute an integral part of the first line of host defense against pathogenic infection and tissue injury 1 . Upon pathogenic infection, neutrophils migrate rapidly from peripheral blood through the endothelial cell layer and into tissues, towards the site of infection 2 . In response to infections and tissue injuries, neutrophils often display highly coordinated chemotaxis, accumulation, and clustering commonly known as "neutrophil swarming", which is important in neutralizing infections and protecting healthy tissues. Better understanding of the neutrophil activities could eventually lead to interventions to enhance neutrophil efficacy against infections and protect tissues during inflammation. However, primary neutrophils are challenging to study directly because of short life span, donor variability, and low transcriptional ` activity that limits the use of common genetic approaches. Moreover, the isolation of neutrophils from whole blood is laborious and requires expensive isolation kits. Thus, relevant models are needed, and cell line-based models to substitute primary neutrophils would be highly useful.
The human leukemia cell line (HL-60) is a commonly used substitute cell line model to study neutrophil phenotypic functions. Several studies that have reported the use of HL-60 cells to study migration in neutrophils 3456 . These studies demonstrated migration in HL60 neutrophil like cells using assays like micropipette 6 , EZ-TAXIS assay 6 , filter assay 5 and transwell assay 7 . However, the information provided by those conventional assays are limited and seldom distinguishes the differences between migration and swarming of HL60 cells and primary neutrophils. Swarming activities in vitro and in vivo have so far only been observed using primary neutrophils 8910 . It is not known yet whether HL-60 cells could resemble the swarming behavior of primary neutrophils.
In this study, we employed microfluidic migration assays and a micropatterning array to compare the swarming and migratory ability of HL60s. We compared the migration of DMSO differentiated HL-60s (DdHL60), all-trans-retinoic acid (ATRA) HL-60s (AdHL60) and nutridoma supplemented DMSO differentiated HL-60s (nDdHL60) toward established chemo-attractants fMet-Leu-Phe (fMLP), Leukotriene B4 (LTB4), interleukin 8 (IL-8), and complement component 5a (C5a). We also compared the swarming ability of differentiated HL60s with that of primary neutrophils. We found that nutridoma differentiation enhances the migratory ability of HL60 neutrophil like cells compared to DMSO. Although both DdHL-60 and nDdHL-60 cells are capable of swarming, their behavior is quantitatively different than the swarming of primary neutrophils. Overall, our study suggests that nDdHL-60 cells are a good model for the chemotaxis studies in primary neutrophils, though differences in migration deformability, and persistence have to be taken into account.
`
RESULTS
We compared the migratory ability of HL60 neutrophils-like cells after differentiation using different protocols to the migration ability of primary neutrophils. We exposed differentiated HL-60 cells to different chemoattractants and measured migration using a tapered microfluidic device with a cross-sectional area decreasing from 20 μ m 2 to 6 μ m 211 (Fig. 1) . We found that 65%, 40.2%, and 2% of human neutrophils, DdHL-60, and AdHL-60 migrated in fMLP gradients, respectively ( Fig. 2) (Supplementary video 1) .
The fraction of cells migrating was slightly larger in LTB4 and C5a gradients (70%, 25.7% and 8% for primary neutrophils, DdHL-60 and AdHL-60, respectively, for LTB4 and 75%, 27% and 4.3% for primary neutrophils, DdHL-60 and AdHL-60, respectively, for C5a). The fraction of cells migrating in IL8 gradients was significantly lower, at 17.6%, 16.3% and 5.5% for primary neutrophil, DdHL-60, and AdHL-60, respectively ( Fig. 2A) .
Nutridoma, a serum-free supplement, has been reported to improve the differentiation of PLB-985 cells while not compromising the viability of the cells 12 13 . To test how serum concentration and nutridoma affect differentiation in HL-60 cells, we checked the chemotactic ability of HL-60 cells upon differentiation in media containing 1.3% DMSO, 2% fetal bovine serum (FBS) and 2% nutridoma. Replacing serum with nutridoma increased the percentage of migrated cells to 78, 41, 34, and 59% in fMLP, LTB4, IL-8, and C5a gradient compared to 40, 36, 20, and 45% for DMSO alone, respectively ( Fig.   2B ). Together, our data showed that nDdHL60 cells and primary neutrophils are comparable in terms of migratory ability.
We observed that differentiated HL60 cells chemotaxing through tapered channels display four distinct migratory patterns, similar to those observed in primary neutrophils 11 . We identified four migration patterns when confined in tapered microchannels including persistent (P), arrest (A), oscillation (O), and retro-taxis (R) patterns ( Fig. 2C) (Supplementary video 1). These migratory patterns are chemokine-dependent. 73, 66, ` migrated persistently in fMLP, LTB4, C5a and IL-8 gradients respectively (Fig. 2Di, Fig.   2Dii ) compared to 84, 76 and 70% of primary neutrophils migrated persistently in fMLP, LTB4 and IL-8 respectively 11 . In fMLP gradient, 18.5, 7.5, and 0% of the DdHL-60 and 58.5, 24.4 and 4.9% of AdHL-60 neutrophils showed arrest, retro-taxis, and oscillations, respectively ( Fig. 2Di, Fig. 2Dii ). In contrast, 7, 7, and 2% of primary neutrophils showed arrest, retrotaxis and oscillation in fMLP gradient respectively 11 . The migration patterns of AdHL-60 included larger percentage of arrest and retro-taxis compared to DdHL-60 ( Fig. 2Dii) . Surprisingly, the presence of nutridoma in the differentiation media markedly changed the migratory patterns of nDdHL60 cells, which display frequent arrest and retrotaxis migratory patterns.. We observed that 36.4%, 35.4%, 23.6% and 35.2% migrated persistently in fMLP, LTB4, IL-8 and C5a gradient respectively compared to DMSO alone ( Fig. 2Diii) . In addition, about 65.5%, 64.7%, 76.4% and 64.8% of nDdHL-60 demonstrated more arrest migratory pattern in all chemokine gradient compared to DMSO alone (Fig. 2Diii) .
The tapered microchannels enable specific measurements of the cross-section (CS) at which A, O, and R patterns occur in AdHL60, DdHL60 and nDdHL60 ( Fig. 3A-C) . Our results demonstrate that the average CSs of AdHL60 are 10, 18, 17 and 15 µm 2 in fMLP and LTB4, C5a and IL-8 gradients respectively (Fig. 3A) , DdHL-60 are at 10, 10.5, 11 and 10.5 µm 2 in fMLP and LTB4, C5a and IL-8 gradients respectively ( Fig. 3B ) and the average CSs of nDdHL-60 are at 13.5, 13.5, 13 and 13.5 µm 2 in fMLP and LTB4, C5a and IL-8 gradients respectively ( Fig. 3C) . While the average CSs of primary neutrophils are at 10.5, 9.2 and 10 µm 2 in fMLP, LTB4 and IL-8 gradient respectively 11 .
The histograms of the critical cross-section show that larger percentage of A, O, R patterns in DdHL-60 cells occur only at a cross-section of lower than 10 µm 2 ( Fig. 3Di- iv) similar to what was observed in primary neutrophils 11 . The histograms of the critical cross-section show that A, O, R patterns in AdHL-60 cells are less dispersed ( Fig. 3Ei- iv). In summary, our data demonstrated that mechanical constriction in the tapered ` channel during chemotaxing interfered and altered the migratory response of dHL-60 to chemokine gradients.
Our data showed that dHL60 are larger and longer than primary neutrophils during chemotaxis. We observed that migrating HL-60 neutrophil-like cells(dHL-60) display a broad leading edge toward the chemokine and a rounded tail end (Fig. 4A) . When the cells advance through the tapered channels towards the smaller cross sections, their We observed that dHL60 cells migrated slower in all chemokine gradients compared to primary neutrophils. We found that DdHL-60 cells reach 24 (6.6 ± 6.6) and 15 (5.8 ± 6.3) µm/min velocity in fMLP and LTB4 gradients, respectively (n = 10) ( Fig. 4C and 4D) .
Surprisingly, nDdHL-60 cells are slower compared to DMSO alone as they migrate at a velocity of 15 (4.8 ± 7.3) and 12 (4.5± 11.5) µm/min in fMLP and LTB4 gradients, respectively (n=10) ( Fig. 4C and D) . The velocities of both DdHL-60 and nDdHL-60 cells in fMLP gradient decreased with decreasing cross section (Fig. 4C) . The highest velocity of DdHL60 cells was recorded at 13-15 µm 2 cross-section in LTB4 gradients.
While the highest velocity of nDdHL-60 was recorded at 18-20 µm 2 cross-section in LTB4 gradients ( Fig. 4D) . DdHL-60 and nDdHL-60 cells are both slower than primary neutrophils, which can reach velocities as high as 35 (13.6 ± 16.8) and 42 (17 ± 16.8) µm/min in fMLP and LTB4, respectively (n=10) ( Fig. 4C and 4D ). The highest velocity in primary neutrophils was recorded at a cross-sectional area between 16-18 and 14-16 µm 2 in fMLP and LTB4 gradients, respectively ( Fig. 4C and 4D ).
Next, we compared the swarming ability of human neutrophils with that of the differentiated cell lines, DdHL-60, and nDdHL-60. We observed that human neutrophils ` swarm efficiently toward zymosan particle clusters with three distinct phases. Swarming starts with random migration on the surface (scouting phase-5 mins Fig. 5A ). After the first neutrophil interacts with the cluster, the number of migrating neutrophils towards the zymosan cluster increases rapidly (growing phase-10-15 mins Fig. 5A ). Swarms reach their peak size 60-120 minutes later, after which the size remains stable (stabilization phase- Fig. 5A) (Supplementary video 2) . We observed qualitatively similar aggregation dynamics in both DdHL-60 and nDdHL-60 cells. Aggregation starts with the cells moving randomly on the surface of the zymosan particle clusters (scouting phase-5mins Fig. 5A ). Within minutes of interaction with the zymosan particle, an increasing number of dHL-60 cells migrate in the direction of the zymosan particle clusters (growing phase-10-30 mins Fig. 5A) . A fast growth is followed by slower growth. Swarms in nDdHL-60 cells reach their peak size after 60-120 minutes, after which the size of the aggregates decreases because cells leave the aggregate (Fig. 5A) . During the stabilization phase, dHL-60 cells migrate in and out of the swarms (Fig. 5A) (Supplementary video 3 and 
4).
A quantitative analysis of neutrophil swarming showed significant differences between dHL-60 and human neutrophil swarming. We found that the radial trajectories displayed by dHL-60 cells are more often random and less organized ( Fig. 5B and 5C ) compared to swarming primary neutrophils ( Fig. 5D, Fig. 6Ai, Supplementary video 2) . Both DdHL-60 and nDdHL-60 cells show increasingly directional migration toward the zymosan clusters at short distances around the zymosan clusters ( Fig. 6Aii and iii) . The migratory speed increases steadily between 10-100 minutes towards the zymosan particle cluster in primary neutrophils (Fig. 6Bi) . However, nDdHL-60 cells show only slight increase in migratory speed toward zymosan particle cluster (Fig. 6Biii) . The swarm area around zymosan clusters during the stabilization phase was larger for primary neutrophils compared to dHL60 cells, ∼40,000 μm 2 vs. 25,000 μm 2 , respectively (Fig. 6C) . The mean swarm area around zymosan clusters was ~25% larger for primary neutrophils compared to dHL-60 cell, at 25,000 μm 2 vs. 20,000 μm 2 , respectively ( Fig. 6D) .
`
To verify that the aggregation of HL60 cells is phenotypically similar to swarming, we tested the role of LTB4 release in the positive feedback loop driving the rapid accumulation of neutrophils during the growth phases of the swarms. We compared the aggregating of HL60 cells in the presence of BLT1 and BLT2 receptors antagonists and LTB4 synthesis inhibitor. We found that in the presence of BLT1 and BLT2 receptor antagonists LY255283, U75302 there was significant delay in the initiation and a reduction in the swarm size ( Fig. 7A and 7B ) (Supplementary video 5 and 6) . The inhibition of the LTB4 pathway by the MK886 inhibitor alters mainly the final size, with little impact on the initiation, suggesting the release of pre-stored LTB4 during the early stage of swarming ( Fig. 7A and 7B) (Supplementary video 5 and 6) . The swarm area around zymosan clusters during the stabilization phase was ~2 times larger in control compared to drug treated cells (∼25000 μm 2 vs. 17000μm 2 vs. 15000 μm 2 , for control vs.
BLT1&2 vs. MK-886 treated cells) ( Fig. 7B) .

DISCUSSION
Neutrophil swarming has been described as a crucial process of neutrophil tissue response needed to specifically regulate tissue protection and destruction during several inflammatory diseases 14 . Here, we report that HL60 are capable of swarming, qualitatively similar to primary neutrophils. Previously, neutrophil swarming has been shown in zebrafish larvae 1516 and mouse tissues 10179 . Human neutrophil swarming has also been observed in vitro 188 . Although dHL-60 cells can synthesize LTB4 and also possess LTB4 receptors 192013 , the swarming of HL-60 has not been demonstrated. By micropatterning zymosan particles, we reported the first evidence of swarm-like behavior in dHL-60 cells.
Swarming in primary neutrophils is thought to occur in three phases: (1) early neutrophil migration(scouting) followed by (2) amplification of migratory response (amplification) and finally (3) clustering at the site of infection(stabilization) 21 . The striking feature of dHL-60 cells behavior during swarming is the display of all three phases of swarming (scouting, amplification, and stabilization phases) 810 . However, despite the qualitative similarities, significant differences exist. The swarm size for similar targets is smaller and the trajectories of cells joining the swarms appear more disorganized for differentiated HL60 cells compared to primary neutrophils.
The differences in chemotaxis (migration fraction, migratory velocity, and directionality) between dHL-60 and primary neutrophils may contribute to the differences observed in the swarming assay.
A lower percentage of dHL60 cells migrate towards chemoattractants compared to primary neutrophils and which may be responsible for the observed smaller swarm size in dHL60. Moreover, our study demonstrates that dHL60 cells migrate slower than primary neutrophils 10179 . More importantly, the third phase of swarming is characterized by recruitment of distant neutrophils to an infection site, driven by expression of high-affinity receptor for LTB4 (LTB4R1) on neutrophils to maintain persistent and long-term neutrophil recruitment 10 . Our data demonstrates that the observed swarm-like behavior in dHL-60 cells is LTB4 dependent, similar to the ` findings in primary neutrophils ( 8 . Our chemotaxis data shows that a lower percentage of dHL-60 cells migrated toward LTB4 with more arrest and retrotaxis which may be the cause of the smaller swarm size observed in dHL60 cells.
In summary, our study provides first evidence for swarming behavior in dHL-60 cells.
The dHL-60 swarms are smaller than the primary neutrophils. While the migration speed is comparable, the observed differences may be due to the differences in the expression of LTB4 on the differentiated dHL-60. Deficits in the mechanisms of intracellular communication or a combination of these factors may also be involved. Our study, therefore, suggests that DdHL-60 and nDdHL-60 could be useful models for the study of neutrophil chemotaxis and swarming with further optimizations.
` were incubated in LY255283, U75302 for 30 minutes and for LTB4 synthesis inhibition, dHL-60 were incubated in MK-886 for 30 minutes before adding on the swarming assay.
MATERIALS AND METHODS
HL
Device fabrication
The microfluidic devices were fabricated as described by Wang and colleagues using standard soft lithography 11 . Briefly, two-layer master mold in negative photoresist (SU- `
Microfluidic devices to study neutrophil chemotaxis
The microfluidic device used for this study was designed as described by 11 The well plate was then taken out from the desiccator for 15 min until the devices were filled with the solution. Three milliliters of media (RPMI + 10% FBS) was then added to each well to cover the devices. Each device was then washed by pipetting 10 ߤ l media through the inlet. Finally, about 5 x10 4 HL-60 neutrophil-like cells were pipetted into each device. Time-lapse images of neutrophil migration were captured at 10°ø magnification using a fully automated Nikon TiE microscope (Micro Device Instruments). The microscope is equipped with a bio chamber heated at 37•C and 5%
CO2.
Analysis of differentiated HL-60 neutrophil-like cells (dHL-60) migration
We used Track-mate module in Fiji ImageJ (ImageJ, NIH) to track and analyze cell trajectories automatically. We identified four migration behaviors, including persistent migration (P), arrest (A), oscillation (O), and retro-taxis (R). Persistent migration indicates neutrophils that migrated through the channels without changing directions.
Arrest describes neutrophils that are trapped in the channels. Oscillation indicates neutrophils that change migration direction more than two times. Retro-taxis describes neutrophils that migrated back to the cell-loading channel.
Swarm size measurement
Changes in swarm size over time were estimated using track mate plugin in Image J. The cell-occupied area was measured from the Hoechst labeled HL-60 neutrophil-like cells and primary neutrophil using filter and suitable threshold (otsu and Huang) on image J.
Chemotactic and tracking analysis
To quantify the directional radial migration during swarming, we measured the distance 
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